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A purpose of genetically modified crop cultivars is to provide new, efficient methods of crop management to control weeds, insects, and plant pathogens (8, 10, 12, 33) . Soybean growers are rapidly embracing the use of herbicide-tolerant cultivars, especially cultivars tolerant to the herbicide glyphosate. In 1998, 38% (approximately 11 million hectares) of U.S. soybean acreage was planted to transgenic soybeans, with approximately 8 million hectares planted to glyphosate-tolerant soybeans alone (20) . With the adoption of herbicidetolerant crops, herbicide usage is rapidly changing. In 1995, a year before glyphosate-tolerant soybean cultivars were first grown commercially, imazethapyr, trifluralin, pendimethalin, glyphosate, thifensulfuron, chlorimuron, and bentazon were the most widely used herbicides in soybean in Iowa, and were applied to 76, 30.3, 27.9, 19.9, 18.6, 10.4, and 10.3% of soybean acreage, respectively (17) . In 1999, the percentage of soybean acreage treated with imazethapyr declined to 29%, whereas soybean acreage treated with glyphosate increased to 58% (3).
Production systems based on the use of herbicide-tolerant soybeans, such as glyphosate-tolerant, again raise questions about herbicide effects on plant pathogens. Over the past four decades, numerous studies have been conducted on many facets of the biology and ecology of plant pathogens in relation to herbicides applied to various crops, including soybean. The side effects of herbicides on plant diseases are quite variable; incidence and severity of some diseases increased with herbicide applications, whereas they decreased with other diseases (1,2). In fact, increased plant resistance to some diseases was recorded following the application of certain herbicides that induce plant-mediated responses involved in disease suppression (7,43). There is little information on the interaction of herbicide-tolerant crop cultivars with plant pathogens after application of herbicides, and the available information emanates from controlled-environment studies (26, 38) .
This study examines the development of sudden death syndrome of soybean, caused by the soilborne fungus Fusarium solani f. sp. glycines (34) (35) (36) , in glyphosate-tolerant soybean under field conditions. Sudden death syndrome of soybean is a disease of increasing economic importance in the United States (35) . Concerns from farmers and trade journals about increased levels of this disease in glyphosate-tolerant soybeans (38) prompted the undertaking of this study. There are no previous reports on the effect of herbicides, including glyphosate, on sudden death syndrome in soybean and its causal agent under field conditions. Although little is known about how the use of glyphosate in glyphosatetolerant soybean will impact diseases (26, 38) , in non-glyphosate-tolerant crops this herbicide has been shown to increase populations of various fungal pathogens in soil (9, 27, 29, 42) and to suppress plant defenses and enhance disease susceptibility in various crops and weeds (5, 19, 21, 22, 24, 25, 30, 40, 45) .
The goal of this study was to assess the field response of glyphosate-tolerant and conventional soybeans to sudden death syndrome following application of selected herbicides commonly used in soybean in the north-central region of the United States.
MATERIALS AND METHODS
Herbicides and cultivars. Four herbicides were tested in this study: acifluorfen (Blazer), glyphosate (Roundup Ultra), imazethapyr (Pursuit 2AS), and lactofen (Cobra 2EC). The recommended field application rates (1×) used for each formulated herbicide were 0.41, 0.22, 0.071, and 0.84 kg a.i./ha for acifluorfen, lactofen, imazethapyr, and glyphosate, respectively. Three soybean cultivars were used in this study: Pioneer 9344 (hereafter designated P9344), BSR101, and Asgrow HIG3071 (hereafter designated A3071). P9344 and A3071 are tolerant to glyphosate, and BSR101 is susceptible to this herbicide. A3071, an experimental line, is resistant to sudden death syndrome, and cultivars BSR101 and P9344 are susceptible (38) .
Field experiments. Experiments were conducted in 1997, 1998, and 1999 to assess the effect of herbicides on sudden death syndrome. Cultivars planted and herbicides used in each year are shown in Table 1 . Plots were planted on 16 May 1997, 12 May 1998, and 10 May 1999. All herbicides were applied at 41 days after planting in 1997, at 45 days in 1998, and at 39 days in 1999 when soybean plants were at the V3 to V5 growth stage (11) . Application of herbicides was made using a Solo Backpack sprayer system in 1997, and a CO 2 -powered two-man spray boom (3 m long) with six nozzles (R & D Spray System, Opelousas, LA) in 1998 and 1999. Plots were maintained weed-free by regular hoeing prior to and after herbicide application in order to minimize competition from weeds. In all 3 years, the experimental design used was a randomized complete block design with three replications and a factorial arrangement of treatments in a strip-plot (13, 41) . Cultivars were assigned to horizontal strips and herbicides to vertical strips. Plots were 4 m long in 1997 and 5 m long in 1998 and 1999, and 4 rows wide with a between-row spacing of 1 m. In 1997, plots were established in a farmer's field with history of sudden death syndrome in Scott County, IA. In 1998 and 1999, the experiment was conducted at Hinds Research Farm of Iowa State University, near Ames, in fields artificially infested with oat kernels colonized by F. solani f. sp. glycines. Preparation of the oat kernel inoculum was performed according to procedures outlined by others (39, 44) . Briefly, oats kernels were soaked for 24 h, autoclaved twice for 1 h, and inoculated with agar plugs of F. solani grown on onethird strength potato dextrose agar medium. Five 1-cm plugs were used per 200 g of soaked oat kernels. The inoculated kernels were incubated at 25°C in the dark for 3 to 4 weeks. Infested oat kernels were spread in the seed furrow over soybean seeds at the rate of 25 cm 3 per meter of row. This rate did not affect soybean stand and generated disease epidemics comparable to those found in soybean grown in naturally infested fields.
Assessment of plant health. The effect of herbicides on plant health was assessed on the basis of the following variables: (i) visual ratings of foliar disease severity, (ii) frequency of isolation of F. solani f. sp. glycines from roots, (iii) aboveground plant dry weights, and (iv) seed yield. Foliar severity of sudden death syndrome was visually evaluated from soybean growth stages R2 to R6 as average percentage of leaf area in the center two rows of each plot exhibiting sudden death syndrome symptoms using the following scale: 0 = no foliage affected, 1 = 1 to 10% (midpoint = 5%), 2 = 11 to 20% (midpoint = 15%), 3 = 21 to 30% (midpoint = 25%), 4 = 31 to 40% (midpoint = 35%), 5 = 41 to 50% (midpoint = 45%), 6 = 51 to 60% (midpoint = 55%), 7 = 61 to 70% (midpoint = 65%), 8 = 71 to 80% (midpoint = 75%), 9 = 81 to 90% (midpoint = 85%), and 10 = 91 to 100% (midpoint = 95%).
To characterize root colonization by F. solani f. sp. glycines, five plants were arbitrarily dug from 1-m sections at each end of the two inner rows in each treatment every 2 to 3 weeks from V4-V6 to R4-R6 soybean growth stages. Plant roots were washed free from soil, and three to four 1-cm pieces were removed from the taproot of each plant (36) . These 1-cm root pieces were agitated in 1% tergitol (C 15 H 24 O-C 2 H 4 O) solution for 2 min, surfacesterilized for 4 min in a 1:1 (vol/vol) mixture of 95% ethyl alcohol (C 2 H 5 OH) and 0.5% sodium hypochlorite (NaOCl) solution, rinsed in sterile distilled water, and embedded in Nash-Snyder medium (31) contained in 9-cm plastic petri dishes. The dishes were sealed with Parafilm and incubated at room temperature (22 to 24°C) for 14 days, and the number of root segments yielding F. solani f. sp. glycines was recorded for each treatment.
To assess soybean plant growth in each treatment, each plot was sampled at 1, 3, and 6 weeks after herbicide application in 1997, at 1, 3, 5, and 7 weeks in 1998, and at 1, 3, 5, and 9 weeks in 1999. These various sampling periods covered soybean growth stages from V4-V6 to R1-R2 in 1997, and from V4-V6 to R3-R4 in 1998 and 1999. At each sampling period, shoots from five plants were arbitrarily harvested from each treatment plot, placed in an oven at 60°C, and dry weights were recorded after 48 h. Seed yield was assessed on a 2-m section from the center of the two inner rows of each plot. Yield was adjusted to 13% moisture content.
Data analysis. In this study, the data sets subjected to statistical analysis comprised the following variables: (i) the area under disease progress curve (AUDPC) derived from visual ratings of foliar disease severity using the midpoint values, (ii) the area under the root infection curve (AURIC) derived from the frequency of isolation of F. solani f. sp. glycines from roots, (iii) the aboveground plant dry weights from all sampling periods, and (iv) seed yield. The effects of cultivar and herbicide on these variables were tested for significance by analysis of variance (ANOVA) for a strip-plot design as outlined by Gomez and Gomez (13) . The analysis was performed separately for each of the 3 years of the experiment. Fisher's protected least significant difference test was used at the 5% significance level to separate treatment means.
RESULTS
Plant health in 1997 experiment. In 1997, foliar severity of sudden death syndrome was assessed on 7 and 18 August and 4 September for cultivars P9344 and BSR101; a fourth assessment was made for cultivar P9344 on 26 September (Fig. 1A  and B ). Due to leaf-fall, no fourth assessment was made for BSR101. Disease intensities were compared for the periods when assessments were available for both cultivars. Analysis of variance conducted on the area under disease progress curve (AUDPC) indicated that there was no significant cultivar-herbicide interaction (P = 0.605; Table 2 ). However, there was a significant difference in mean AUDPC among herbicide treatments (P = 0.010; Table 2 ) and cultivars (P = 0.004; Table 2 ). Except for lactofen, all herbicides increased disease severity compared with the control treatment (Table 3) . Figure 1C and D display the frequency of isolation of F. solani f. sp. glycines from roots of soybean w For each effect (cultivar or herbicide), numbers within a column followed by the same letters are not significant at P = 0.05. Cultivars P9344 and A3071 are tolerant to glyphosate, and BSR101 is not tolerant to this herbicide. A3071 is resistant to sudden death syndrome, and cultivars BSR101 and P9344 are susceptible. x AUDPC = area under the disease progress curve, derived from visual ratings of foliar severity of sudden death syndrome; and AURIC = area under the root infection curve, derived from the frequency of isolation of Fusarium solani f. sp. glycines from roots. y Not significant. z Treatment not available. y AUDPC = area under the disease progress curve, derived from visual ratings of foliar severity of sudden death syndrome; and AURIC = area under the root infection curve, derived from the frequency of isolation of Fusarium solani f. sp. glycines from roots. z Data were subjected to log (base e) transformation before analysis.
plants at various periods in the growing season in 1997. Analysis of variance conducted on the area under the root infection curve (Table 2) indicated that there was no significant cultivar-herbicide interaction (P = 0.900). Similarly, there was no significant difference in the area under the infection curve among herbicide treatments (P = 0.304) and cultivars (P = 0.230). As gauged by aboveground plant dry weight (Table 2) , soybean growth was not significantly affected by cultivar (P = 0.900), herbicide (P = 0.711), and their interaction (P = 0.572). Similarly, seed yield (Table 2) was not significantly affected by cultivar (P = 0.442), herbicide (P = 0.996), and their interaction (P = 0.617).
Plant health in 1998 experiment. Foliar severity of sudden death syndrome was recorded at four periods in 1998. As revealed in the disease progress curve ( Fig.  2A to C) , disease severity was higher in cultivars P9344 and BSR101 than in A3071. Analysis of variance for the area under the disease progress curves (Tables 2 and 3) indicated that there was no significant cultivar-herbicide interaction (P = 0.387). Differences among herbicide treatments were not statistically significant (P = 0.370). Cultivar was the factor that exerted the most significant effect on disease severity (P = 0.0004) integrated over all assessment periods. Figure 2D to F depicts the frequency of isolation of F. solani f. sp. glycines from roots of soybean plants at various periods in the growing season in 1998. Analysis of variance conducted on the area under the root infection curve (Tables 2 and 3 ) indicated that there was no significant cultivar-herbicide interaction (P = 0.477). Similarly, there was no significant difference in the area under the root infection curve among herbicide treatments (P = 0.100). However, there was a significant difference in the area under the infection curve among cultivars (P = 0.041). As gauged by aboveground plant dry weight (Table 2) , soybean growth was not significantly affected by cultivar (P = 0.305), herbicide (P = 0.105), and their interaction (P = 0.182). Similarly, seed yield (Table 2) was not significantly affected by cultivar (P = 0.800), herbicide (P = 0.334), and their interaction (P = 0.750).
Plant health in 1999 experiment. Foliar severity of sudden death syndrome was recorded at five periods in 1999. As revealed in the disease progress curves (Fig. 3A to C) , disease severity was higher in cultivars P9344 and BSR101 than in A3071. Analysis of variance for the area under the disease progress curve (Tables 2 and 3) indicated that there was no significant cultivar-herbicide interaction (P = 0.592). However, there were statistically significant effects of herbicide (P = 0.017) and cultivar (P = 0.0001) on disease severity integrated over all assessment dates. Figure 3D to F shows the frequency of isolation of F. solani f. sp. glycines from roots of soybean plants at various periods in the growing season in 1999. Analysis of variance conducted on the area under the root infection curve (Tables 2 and 3) indicated that there was no significant cultivar-herbicide interaction (P = 0.457). However, the area under the root infection curve was significantly affected by herbicide treatment (P = 0.001) and cultivar (P = 0.0003). Aboveground plant dry weight (Table 2) was significantly affected by herbicide treatment (P = 0.033). Seed yield (Table 2) was not significantly affected by cultivar (P = 0.148), herbicide (P = 0.360), and their interaction (P = 0.133).
DISCUSSION
The scope of this study was defined by the speculation on the susceptibility of glyphosate-tolerant soybean cultivars to sudden death syndrome. The main conclusions were the following: (i) the response of glyphosate-tolerant and conventional soybeans to infection by F. solani f. sp. glycines was similar under application of herbicides; (ii) there was an increase in severity of sudden death syndrome in plants treated with acifluorfen, glyphosate, and imazethapyr compared with nontreated or lactofen-treated plants; and (iii) the resistance of soybean to sudden death syndrome was not changed with application of glyphosate. These conclusions are in agreement with those from greenhouse and growth chamber studies (38) . Lee et al. (26) reported similar results, indicating that the glyphosate resistance trait and the application of glyphosate did not influence the susceptibility of soybean to Sclerotinia sclerotiorum in the greenhouse.
F. solani is a ubiquitous fungal organism that is capable of inflicting serious damage to many crops, especially in the presence of crop stress, which may arise from fluctuations in physical and chemical environments (4,15). Crop stress originating from application of herbicides is manifested by various physiological and morphological changes in plants (4,15). The herbicides used in this work represent two chemical families, one involved in the disruption of cell membranes (acifluorfen and lactofen) and the other in the inhibition of enzyme activity in the synthesis of certain amino acids (imazethapyr and glyphosate). Except for lactofen, no severe leaf injury was apparent in plants sprayed with herbicides. Although lactofen was found to decrease aboveground plant dry weight and leaf chlorophyll content (data not shown) within 4 to 10 days after application, complete vegetative recovery was attained by the third week after application of this herbicide. Despite the transient stress observed in lactofen-treated plants, disease levels were lower in these plants compared with those treated with acifluorfen, glyphosate, and imazethapyr. Lactofen has been shown to induce plant-mediated responses involved in disease suppression (7), and it is conceivable that similar responses may be produced by soybean plants affected by sudden death syndrome and treated with this herbicide. Although glyphosate has little or no direct effect on F. solani (23) , this herbicide appears to impose some level of stress that may explain the higher level of disease in glyphosate-treated plants compared with nontreated or lactofen-treated plants. Similarly, plant stress may have also been induced in plants treated with acifluorfen and imazethapyr resulting in disease levels comparable to those in glyphosate-treated plants.
The development of sudden death syndrome is commonly monitored on the basis of visual rating of foliar symptoms (16) , and occasionally root symptoms have been taken into account (14) . In this study, in addition to visual rating of foliar symptoms, we used the frequency of isolation of F. solani f. sp. glycines from roots of soybean plants as a criterion for assessing differences among treatments. Root colonization using frequency of isolation or colony-forming units per unit weight of root tissue (6,28,32), albeit tedious and time-consuming, is an important bioassay method in the detection of plant infection prior to the appearance of foliar symptoms (28) . We consistently detected differences among cultivars using ratings of foliar symptoms. Conversely, based on root colonization, differences among cultivars were discernable only when a resistant cultivar was included in the study. These findings are in agreement with those by Luo et al. (28) . The resistant cultivar (A3071) in this study consistently had the lowest disease intensity with regard to ratings of foliar symptoms and frequency of isolation of F. solani f. sp. glycines from plant roots. However, foliar resistance may not always be correlated with root resistance to fungal colonization (28) .
The lack of statistically significant cultivar-herbicide interaction for foliar symptom ratings and root colonization indicates that glyphosate-tolerant and nontolerant soybeans respond similarly to sudden death syndrome under herbicide application. Statistically significant main effects of cultivars were detected consistently in all 3 years of the study for foliar disease integrated over the entire rating period in each growing season. For the same variable, the main effect of herbicide was significant in 1997 and 1999, and was nonsignificant in 1998. When the frequency of isolation from roots was integrated over the isolation period in each growing season, we detected nonsignificant effects of herbicide and cultivar in 1997, nonsignificant effect of herbicide in 1998, and significant effects of herbicide and cultivar in 1999. These variations from year to year may be ascribed to variations in environmental factors influencing the development of foliar symptoms and root colonization by F. solani f. sp. glycines (18, 37, 39) . Where herbicide effects were significant, lower disease intensity was recorded in lactofentreated or nontreated plants than in plants treated with acifluorfen, glyphosate, and imazethapyr.
This study was conducted from the assumption that only one postemergence application of glyphosate would be necessary to manage weeds. Additionally, we assumed that this herbicide would be applied during the early growth stages of the soybean plant. However, weed management schemes are variable and may include applying glyphosate during burn down, followed by one or more postemergence applications during the vegetative and reproductive stages of the soybean plant. The intensity of sudden death syndrome may need to be appraised within the context of all these activities, which may influence the level of crop stress. Further, the degree of overlapping between window of herbicide stress and window of infection, which is determined by favorable soil temperatures and moisture, may also affect the amount of disease.
